In the current study, the deformation mechanisms of a rolled magnesium alloy were investigated under cyclic loading using the real-time in-situ neutron diffraction under a continuous-loading condition. The relationship between the macroscopic cyclic deformation behavior and the microscopic response at the grain level has been established. The neutron diffraction results indicate that more and more grains are involved in the twinning and detwinning deformation process with the increase of fatigue cycles. The residual twins appear in the early fatigue life, which is responsible for the cyclic hardening behavior. The asymmetric shape of the hysteresis loop is attributed to the early exhaustion of the detwinning process during compression, which leads to the activation of dislocation slips and rapid strain hardening. The critical resolved shear stress for the activation of tensile twinning closely depends on the residual strain developed during cyclic loading. In the cycle before the sample fractured, the dislocation slips became active in tension, although the sample was not fully twinned. The increased dislocation density leads to the rise of the stress concentration at weak spots, which is believed to be the main reason for the fatigue failure. The deformation history greatly influences the deformation mechanisms of hexagonal close-packed structured magnesium alloy during cyclic loading.
Introduction
Magnesium (Mg) alloys drew great attentions to automobile and air-craft industries over last two decades due to the integration of low-density, high specific strength, excellent thermal conductivity, and extraordinary damping capacity [1] [2] [3] [4] . Mg alloys are the lightest metal commercially available that can be used as structural materials. For applications as the loadbearing components, it is vital to understand the fatigue behavior of Mg alloys for the reliability and durability concerns. In cast Mg alloys, defects, such as casting porosity and inclusion, which commonly act as crack sources, are harmful to fatigue properties, and may assist fatigue-crack initiation, reduce lifetimes, and decrease cyclic strength [5, 6] . On the contrary, wrought Mg alloys are basically defect-free, and, thus, exhibit better fatigue properties than casting alloys [7] [8] [9] . Moreover, the study on the cyclic behavior of wrought Mg alloys may shed light on the intrinsic fatigue mechanisms of Mg alloys [10] . Therefore, mechanistic understanding on the cyclic-deformation behavior can facilitate the practical applications of wrought Mg alloys as structural materials.
Five independent slip systems are necessary in order to achieve arbitrary homogenous deformation for polycrystalline materials. Mg has a hexagonal close-packed (HCP) structure with a limited number of slip systems. In principle, Mg has five independent slip systems, including two (00.2)<11.0> slip (or basal <a> slip), one (10.0)<11.0> slip (or prismatic <a> slip), one (10.1)<11.0> slip (or pyramidal <a> slip), and one (11.2)<11.3> slip (or pyramidal <c+a> slip) [11] [12] [13] . The pyramidal <c+a> slip is the only one that can provide strain along the c-axis.
However, the pyramidal <c+a> slip is very difficult to be activated at room temperature, due to the high critical resolved shear stress [14] . Thus, deformation twinning plays as an addition to the slip systems to satisfy the von Mises yield criterion, but it can only offer a limited amount of 4 strain. It has been recognized that the tension-compression asymmetry of wrought Mg alloys results from the unidirectional nature of the deformation twinning [12, 15] .
Because the c/a ratio of the HCP-structured Mg is 1.624, which is less than the ideal hard-sphere value, 3 , the most prominent twinning system is {10.2}<10.1> tensile twinning (or extension twinning), which provides a tensile strain along the c-axis [12, 13, 15, 16] . The {10.2}<10.1> tensile twinning leads to a sudden reorientation of the matrix lattice approximately 86. 3 o by a tensile stress along the c-axis or a compressive stress perpendicular to the c-axis [17, 18] . After tensile twinning, the detwinning process could be easily activated by a stress reverse.
The alternate twinning and detwinning process was often reported in the previous studies during strain-path changes and/or cyclic loading in the highly-textured wrought Mg alloys [17] [18] [19] [20] [21] [22] .
Comprehensive studies have been concentrated on the effects of strain amplitude [23] [24] [25] , mean stress [26] [27] [28] , strain ratio [8, 9, 28, 29] , strain rate [29] , microstructure [8, 30, 31] , grain size [32, 33] , rare earth elements [34, 35] , hysteresis energy [26] , heat-treatment [36] , temperature [5] , environment [37, 38] , and initial texture [39] [40] [41] [42] on the fully-reversed straincontrolled low-cycle fatigue behavior of the wrought Mg alloys. Moreover, in the last decade, progress has been made in theoretical modeling to predict the slip, twinning, and detwinning behavior in the HCP-structured material during strain-path changes and cyclic loading [11, 22, 39, [43] [44] [45] [46] [47] . Overall, the low-cycle fatigue life of the wrought Mg alloys increases with the decrease of strain amplitude, strain ratio, and mean stress, as well as the increase of strain rate.
The previous fatigue studies [7, 9, 23, 39, 40, 48] demonstrated that the strain-life curves can be described well by the Basquin and Manson-Coffin equations, as well as the Holloman relation.
Recently, it has been found that a clear kink point around a total strain of 0.005 can be observed from the strain amplitude -fatigue life curve in the extruded AZ61 and ZK60 Mg alloys, 5 indicating that the dislocation and twinning-detwinning deformation modes were dominant below and above the 0.005 total strain, respectively [28, 30, 49] . Subsequently, the twinning and detwinning processes usually involved in the fully-reversed strain-controlled low-cycle fatigue at a relatively large total strain (> 0.005), which has been proven experimentally by optical microscopy [8] , in-situ electron backscatter diffraction (EBSD) [50] , in-situ transmission electron microscopy (TEM) [21, 51] , and in-situ neutron diffraction measurements [17, 18, 39, 52, 53] . In general, the alternate twinning and detwinning process during cyclic loading is thought to be the main reason for the strong tension-compression asymmetry of the hysteresis loops. However, in the prior in-situ experiments, discontinuous step-loading methods were commonly employed, which contains only a limited number of measurements. Usually, a few data points (at peak strain, zero stress, and zero strain) per fatigue cycle were presented in the previous research [17, 18, 39, 52] . Certainly, these limited data points are representative on the hysteresis loop in each fatigue cycle, but the information missing between two measurements is inevitable. For example, in one cycle how the twinning/detwinning behavior evolves and when the transition of twinning/detwinning to dislocation deformation occurs, etc., are not clearly represented by those scarce measurements, and most importantly how those behaviors evolve during fatigue cycling before the material fails are not answered clearly by the previous studies.
In this investigation, these above questions will be addressed by the state-of-the-art realtime in-situ neutron diffraction. Previously, we have reported the effects of strain-path changes and pre-deformation history on the deformation dynamics and mechanisms of a rolled AZ31B
Mg alloy investigated by the real-time in-situ neutron diffraction under a continuous loading condition [20, 54] . In the present research, the influence of cyclic loading on plastic deformation, and twinning and detwinning behavior, including the residual-twin evolution during the fully- [20, 54, [59] [60] [61] [62] . The experimental setup for the Mg alloys neutron diffraction measurements under mechanical loading is described in detail elsewhere [20, 54] . In the following, a brief description is provided. The sample was mounted horizontally to the The neutron diffraction data were recorded consecutively during the low-cycle fatigue experiment. After the measurements, the data reduction was performed, using the event-based data reduction software, VULCAN Data Reduction and Interactive Visualization softwarE 9 (VDRIVE) [63] . The neutron diffraction data can be chopped into the shortest attainable time
bins. In the current study, the time interval of two minutes was chosen, based on both the quality and the statistics of diffraction patterns for data fitting. The loadframe information (i.e., stress and strain) was averaged over two minutes and synchronized with the chopped neutron diffraction patterns. The neutron diffraction peak intensities of different hkls were normalized to the incoming beam energy after the background subtraction to eliminate the neutron beam fluctuation during measurements. The counting time for the un-deformed sample was 10 minutes, which is longer than 2 minutes of the chopped data, in order to reduce the propagated 
Results

Macroscopic low-cycle fatigue behavior
The hysteresis loops of the selected fatigue cycles for the real-time in-situ neuron diffraction measurement are plotted in different colors, as shown in Fig. 2(a) . The Roman numerals, I, II, III, IV, V, VI, and VII, marked in Fig. 2(a) , stand for the maximum strain (+ 0.02), zero stress on the tensile strain side, zero strain during compression, minimum strain (-0.02), zero stress on the compressive strain side, zero strain during tension, and maximum strain, respectively. The asymmetric shape of the hysteresis loops was observed through the entire fatigue life (the sample failed at the 71 st cycle). In general, the stress-strain curve on the tension side demonstrated a typical concave-down shape, while the compression side exhibited a concave-up shape. However, in the 1 st cycle (black line), a sigmoidal shape with the concavedown first and followed by concave-up was noticed during compression, which was different from the other fatigue cycles. For the initial tension in the 1 st cycle [marked on the Fig. 2(a) ], the 0.2% proof stress was much lower than the following fatigue cycles on the tension side.
Moreover, the entire stress-strain curve of the initial tension was below that of the other fatigue cycles during tension. During compression in the 1 st cycle, the stress-strain curve exhibited stable strain hardening, followed by sudden strain hardening, and then another constant strain hardening, while the stress-strain curve in the other fatigue cycles displayed steady strain hardening, followed by rapid strain hardening. The mechanical behavior during reverse tension in the 1 st fatigue cycle is comparable with that in the following fatigue cycles on the tension side.
The peak stresses at the maximum and minimum strains [black solid square symbols, corresponding to I and IV in Fig. 2 . The compressive peak stresses were much higher than the tensile peak stresses in each selected fatigue cycle, which led to a compressive mean stress throughout the fatigue life. The apparent strain hardening was distinguished from the tensile peak stress evolution in the first five cycles, followed by a slight strain hardening response. On the other hand, the compressive peak stress was saturated after five fatigue cycles. The consistence of mean stresses during the fatigue tests was perceived. A slight increase was obtained for both the tensile and compressive stresses at the zero strain in the first five cycles. After that, the tensile and compressive stresses at the zero strain reached the maximum values and kept constant. The tensile and compressive stresses at zero strain during low-cycle fatigue are comparable over the entire fatigue life.
The 0.2% proof stress evolution of the selected fatigue cycles is plotted in Fig. 2(c) . The 0.2% proof stress of the initial tension in the 1 st cycle was only 65 MPa, which was much lower than the other fatigue cycles. The 0.2% proof stress during tension kept increasing in the first 5 cycles, and then stayed unchanged. The 0.2% proof stress during compression increased continuously until the 50 th cycle, whereas it remained almost constant between the 50 th and 70 th cycles. The tensile 0.2% proof stress was higher than the compressive 0.2% proof stress in each cycle throughout fatigue testing, which had an opposite trend as the peak stress evolution in Fig.   2 (b). It implies that the detwinning process can be more easily activated in compression than the tensile twinning dominated deformation in tension. Moreover, in the early fatigue life, up to the 20 th cycle, the differences between tensile and compressive 0.2% proof stresses decreased persistently, while it stopped changing after the 20 th cycle.
The plastic strain on the tension side [II in Fig. 2(a) ], the plastic strain on the compression side [V in Fig. 2(a) ], and the plastic strain amplitude, 
where θ is the work-hardening rate, σ is the stress, and ε is the strain. Based on the workhardening rate changes in Fig. 3 , the plastic deformation was separated into several regions, marked as letters and numbers. The black and purple dash-dot lines represent the work-hardening rate variation in the 1 st and 70 th cycle, respectively. During tension in the 1 st cycle, the workhardening rate decreased dramatically until the net flow stress reached approximately 3 MPa, and then the work-hardening rate increased slightly as shown in Fig. 3(a) . The similar phenomenon can be observed in the following fatigue cycles, except that the inflection point moved to the higher net flow stress side with the increase of fatigue cycles. It can be noticed that in the 50 th and 70 th cycles, a sudden increase of the work-hardening rate appeared, when the net flow stress passed 34 MPa. During compression in the 1 st fatigue cycle, the work-hardening rate stayed almost constant below -22 MPa, and enhanced significantly until -86 MPa, and then reduced 13 rapidly, as demonstrated in Fig. 3(b) . The overall trend of the work-hardening rate evolution in the 2 nd fatigue cycle during compression was analogous to the 1 st cycle. However, the whole curve of the 2 nd cycle shifted to the right-hand side, and the maximum work-hardening rate in the 2 nd cycle increased to 18663 MPa, which is higher than that in the 1 st cycle, 16465 MPa.
Moreover, a work-hardening rate decrease region was observed until the net flow stress reached -19 MPa in the 2 nd cycle, which was not perceived in the 1 st cycle. Furthermore, the stress range of the work-hardening rate increase was expanded and that of the work-hardening rate decrease was shortened in the 2 nd cycle, comparing with the 1 st cycle. Since the 5 th cycle until the sample failure, the curves of work-hardening rate vs. net flow stress almost overlapped. The workhardening rate decreased obviously when the net flow stress approached approximately -25
MPa, followed by a stable work-hardening rate region up to -50 MPa, and then the workhardening rate increased promptly. It is worth mentioning that above -90 MPa, the workhardening rate decreased with the increase of fatigue cycles at the same stress level from the 5 th to 70 th cycle. In other words, the rate of the work-hardening rate increase decelerated after the 5 th cycle.
Microscopic response by neutron diffraction
The diffraction peak intensity evolutions of certain hkls in both the axial and radial directions in the selected fatigue cycles are presented in Fig. 4(a) and (b), respectively. As previously mentioned, the tensile twinning-dominated deformation leads to a sudden reorientation of grains approximately 86 o , owing to the HCP structure of magnesium.
Consequently, when the tensile twinning is activated (tension along ND in the present study), the diffraction peak intensity of the (00.2) grains decreases, which is the majority in the axial direction before deformation, and the (10.0) diffraction peak intensity increases simultaneously 14 on the same detector bank. While in the radial direction, the opposite trend can be anticipated that the (00.2) diffraction peak intensity increases and the (10.0) peak intensity decreases. The alternating trend of the increase-decrease or decrease-increase sequence was distinguished from the diffraction peak intensities of the (10.0), (00.2), and (11.0) grains in both the axial and radial directions during fully-reversed low-cycle fatigue, as demonstrated Fig. 4(a) and (b) . The simultaneous variation of the diffraction peak intensities of the (10.0) and (00.2) grains was also found in the same detector bank. It manifests that the alternative twinning and detwinning deformations occurred during the tension-compression loading sequence in each fatigue cycle. It should be pointed out that, in Fig. 4(a) , the decrease of the diffraction peak intensity in the (00.2)
grains during initial tension was apparently less than during the 2 nd tension in the 1 st fatigue cycle, which was caused by different tension strains. As shown in Fig. 2 , and 10 th fatigue cycles, the diffraction peak intensity of the (00.2) grains was fully recovered during compression, as shown in Fig. 4 . However, after the 10 th cycle, the diffraction peak intensity of the (00.2) grains at the minimum strain, -0.02, gradually decreased in Fig. 4(a) [or increased in Fig. 4(b) ] with fatigue cycles (marked as the green-dashed line). It implies that in the first 10 fatigue cycles, the twins from tension were fully detwinned after the compression in each fatigue cycle, while since the 20 th fatigue cycle, the accumulated residual 15 twins appeared.
The diffraction peak intensity evolution of certain hkls in the axial direction during cyclic loading is demonstrated in Fig. 5 . In the previous studies [20, 54] , the various dominant deformation modes in different stress ranges were labeled during strain-path changes, based on the work-hardening rate changes and the simultaneous diffraction peak intensity variations of (10.0) and (00.2) grains. In the current study, the same method was employed to correlate the different deformation modes with the work-hardening rate changes. The letters and numbers in in the axial direction kept unchanged until the 0.2% proof stress, followed by a gradual drop in the stress range "a" (a work-hardening rate decrease region), as illustrated in Fig. 5(a) . In the stress range "b" (a work-hardening rate slight increase region), the (00.2) peak intensity decreased promptly, which indicates an intensive tensile twinning dominated deformation mode.
The opposite trend can be observed in the (10.0) grains in the axial direction, as displayed in Fig.   5(b) , that the diffraction peak intensity of the (10.0) grains increased slightly in the stress range "a", and then increased swiftly in the stress range "b". Besides the aforementioned diffraction peak intensity changes during tension, the decrease of the diffraction peak intensity of the (00.2) grains in the axial direction decelerated in the stress range "C" (a work-hardening rate sudden increase region) in the 70 th cycle (the purple dash-dot line), as shown in Fig. 5(a) . Overall, the tensile twinning dominated deformation mode prevailed in the plastic deformation region during tension in all of the fatigue cycles.
During compression in the 1 st cycle, the (00.2) [or the (10.0)] peak intensity enhanced (or decrease) rapidly in the stress range 1 (a constant work-hardening rate region), as displayed in When the sample was further compressed, the (00.2) [or (10.0)] peak intensity ceased changing in the stress range 3 (a work-hardening rate decrease region). Consequently, three distinct plastic deformation modes, detwinning, transition from detwinning to dislocation, and dislocation slip, were distinguished in the 1 st fatigue cycle, corresponding to stress ranges 1, 2, and 3, respectively.
The deformation mechanisms during compression in the 2 nd cycle are as same as the 1 st cycle.
From the 5 th to 70 th cycle, the diffraction peak intensity of the (00. implies that the detwinning process was still active. The plastic deformation in the stress range ① and ② were governed by the detwinning process, and that in the stress range ③ was ruled over by the transition from detwinning to dislocation dominated deformation. In summary, it is found that the dislocation dominated deformation only existed in the first two cycles during compression, and only detwinning and transition from detwinning to dislocation dominated deformation modes remained with the increase of fatigue cycles. It suggests that the deformation history has a significant impact on deformation modes in compression during cyclic loading.
Discussion
Low-cycle fatigue behavior
In the current study, the reason for the asymmetry of the stress-strain hysteresis loop could be understood by the clearly defined deformation modes transitions through the rich information developed from the real-time in-situ neutron diffraction measurements. The stressstrain curve of the 20 th fatigue cycle is chosen as an example for the detailed analyses in Fig. 6 (a). Based on the neutron diffraction results, the stress-strain hysteresis loop of the 20 th fatigue cycle in Fig. 6 (a) can be separated into three regions, including, (One) tensile twinning dominated deformation in tension (filled with the diagonal pattern in red), (Two) detwinning dominated deformation (filled with the diagonal pattern in blue), and (Three) transition from detwinning to dislocation dominated deformation (filled with the diagonal pattern in green) in compression. The dividing point of the abrupt work-hardening rate change (a black dot) during compression is marked in Fig. 6(a) . An imaginary line (a black dashed line) is drawn in consonance with the stress-strain flow in the detwinning dominated deformation region. It is obvious that the regions (One) and (Two) are symmetric in shape to each other. The asymmetry of the stress-strain hysteresis loop results from the region (Three). As demonstrated in Fig. 4(a) , the (00.2) grains in the axial direction were never fully twinned during low-cycle fatigue, since the diffraction peak intensities of the (00.2) grains are always higher than zero. In other words, a majority of grains is suitable for tensile twinning, which happens to be the easiest deformation mode in the current loading condition (tension along ND), but only a portion of those grains involves in tensile twinning to achieve the imposed macroscopic strain [0.033 tensile strain in the 20 th cycle in Fig. 6(a) ]. The detwinning dominated deformation is completed after a compressive strain of -0.027, as shown in Fig. 6(a) . Unlike in the tension region that a large amount of grains 18 are suitable for the tensile twinning deformation, the detwinning process only operates in the twinned grains. Apparently, the quantity of twinned grains is not abundant enough to accomplish in the total compressive strain of -0.036. By the end of the detwinning dominated deformation, the grain orientation is not applicable for detwinning deformation, and the enhanced stress is high enough to trigger the dislocation slip readily in the majority of the grains. Hence, the early exhaustion of the detwinning process in compression is thought to be the main reason for the asymmetric shape of the stress-strain hysteresis loop, since the dislocation slip at a relatively higher stress level is activated in order to accommodate a further imposed compressive strain, about -0.009, which leads to the rapid strain hardening and stress increase. Fig. 6(b) . The stress ranges for the tensile twinning dominated deformation (R1), detwinning dominated deformation (R2), and transition from detwinning to dislocation dominated deformation (R3) are filled with diagonal patterns by red, blue, and green colors, respectively. It is found that the stress range R1 is identical to the stress range R2 during cyclic loading. The transition from the detwinning to dislocation dominated deformation region contributes nearly 50% of the compressive peak stress after the first two cycles. The tensile peak stresses (black solid squares) are comparable to those at the dividing points between the detwinning and the transition region (red open triangles) during compression in each fatigue cycle, except the 1 st cycle, in which the tensile peak stress was much higher than those at the dividing points. Thus, it is further confirmed that the rapid strain hardening due to the activation 19 of dislocation slips in the transition region is responsible for the asymmetry of the stress-strain hysteresis loop throughout the entire fatigue cycling.
Moreover, it is found that the macroscopic stress ranges R1 and R2 became wider and wider with the increase of fatigue cycles in Fig. 6(b) , which suggests that the stress ranges for twinning and detwinning processes expand over strain cycling. Microscopically, more and more grains involved in the twinning and detwinning deformation, based on the diffraction peak intensity evolution in (10.0) and (00.2) grains in Fig. 4 , which is responsible for the expansion of the stress ranges R1 and R2. Hence, the relationship between the macroscopic mechanical behavior and microscopic response has been successfully established, using the real-time in-situ neutron diffraction measurement in the current study.
In addition, the residual twins were observed in the early fatigue life (the 20 th cycle) and accumulated with fatigue cycles in Fig. 4 . The previous researchers [17] stated that the residual twins are in the "hard" orientation and difficult to deform. The residual twins could serve as barriers to obstruct the dislocation motion. Moreover, with the increase of fatigue cycles, the amount of twin boundaries increases, which could serve as the barriers to hinder the dislocation motion. Both of them contribute to the strain hardening behavior over the fatigue cycles. σ is the critical applied stress, λ and χ are the angles between the loading axis and twin plane normal and between the loading axis and the twinning direction, respectively. The CRSS was derived according Eq. (2) and is shown as a function of the fatigue cycles in Fig. 7 . It is obvious that the CRSS of the initial tension in the 1 st fatigue cycle is much lower than in the other fatigue cycles. It manifests that the tensile twinning can be more easily activated in the annealed sample than in the fatigued sample. The residual lattice strain evolution of the (00.2) grains in the axial direction is also presented in Fig. 7 . It is clearly that the CRSS variation in different fatigue cycles has an identical trend as the residual lattice strain evolution of the (00.2) grains in the axial direction after the compression. It is believed that the compressive residual strain developed during cyclic loading is responsible for the increase of the CRSS and the postponement of the activation of the tensile twinning dominated deformation in tension.
Plastic deformation mechanisms during cyclic loading
The difference in the microscopic response during compression is accountable for the dissimilar hysteresis loop shape of the stress-strain curve in the 1 st cycles. As demonstrated in Fig.   2 (a), the macroscopic mechanical behavior during compression in the 1 st cycle is different from the other cycles. Comparing the work-hardening rate variation during compression in the 1 st cycle with the 2 nd cycle in Fig. 3(b) , it is obvious that the constant work-hardening rate and the work-hardening rate increase regions were expanded, but the work-hardening rate decrease region almost disappeared in the 2 nd fatigue cycle. This trend can be explained by the neutron diffraction results in Fig. 4 that more grains involved in the tensile twinning deformation in the 2 nd tension than the initial tension in the 1 st cycle, which produced more twinned grains that were applicable for the detwinning process in the 2 nd fatigue cycle. Consequently, the detwinning 21 process was prolonged, which was responsible for the expansion of the constant work-hardening rate region. It also led to the postponement and expansion of the transition from detwinning to dislocation dominated deformation regions, corresponding to the rapid strain-hardening region.
Moreover, in the transition region, the dislocation slip became more and more active with the increase of stress. At the beginning, the dislocation density increased dramatically. When the dislocation density increased to a certain level, the increase of the dislocation density became gradual. It results in the work-hardening rate increasing, and then decreasing in the 1 st cycle.
Approaching the failure, the sample exhibited different deformation behavior from the previous cycles. This tendency can be observed from the experimental results in the 70 th cycle right before it failed in the 71 st cycle. It is found that the work-hardening rate during tension abruptly increased when the net flow stress was around 39 MPa in Fig. 3(a) and the decrease of the diffraction peak intensity of the (00.2) grain in the axial direction decelerated after 129 MPa during tension in the 70 th cycle in Fig. 5(a) . It suggests that by the end of the fatigue life, the tensile twinning deformation became less dominant, and dislocation slips were inclined to be active due to cyclic loading, although the sample was not fully twinned during tension. It is believed that the increased dislocation density leads to the strain hardening behavior. On the other hand, the strain hardening results in the stress increase at the same strain level, which, in turn, facilitates the activation of dislocation slips. Subsequently, the sudden increase of the workhardening rate stems from the activation of the massive dislocation slips. It is thought that the increase of the dislocation density during tension may contribute to the stress concentration at the weak spots, such as the grain and twin boundaries, inside the sample, which accounts for the fatigue failure since the sample fractured at 71 st cycle during tension. 22 The deformation history has a significant impact on deformation mechanisms during cyclic loading. In our previous studies [20, 54] , the real-time in-situ neutron diffraction measurements were employed to study the deformation dynamics and deformation mechanisms of a rolled AZ31B Mg alloy during strain-path changes at a relative large plastic strain amplitude, +/-0.07. The different deformation modes were labeled in each deformation stage, according to the work-hardening rate variations and neutron diffraction results. It was concluded that the work-hardening rate did not vary during the twinning and detwinning dominated deformation, and the rapid strain-hardening region was controlled by the transition from the twinning/detwinning to the dislocation dominated deformation, which agrees with the experimental observation in the present study. Besides that, it is found that the dislocation dominated deformation only existed during compression in the first two fatigue cycle in the current research. Since the initial tensile strain in the 1 st cycle was only 0.02, which is smaller than the following fatigue cycle around 0.033 in Fig. 6(a) , the population of twin grains after the initial tension in the 1 st cycle is much less than the other cycles. Consequently, the detwinning process was completed faster in the 1 st cycle than the following cycles, due to the inadequate amount of twinned grains. Once the detwinning process was exhausted, the further plastic deformation was governed by the dislocation slips, since no obvious diffraction peak intensity changes in the (00.2) and (10.0) grains were observed in the stress range 3 during compression in the 1 st cycle, as demonstrated in Fig. 5(c) and (d) . However, the dislocation dominated deformation mode disappeared since the 5 th cycle, because the simultaneous (00.2) peak intensity increase and (10.0) peak intensity decrease can be noticed in the entire plastic deformation region during compression in Fig. 5 (c) and (d). As mentioned in Section 4.2, more and more grains were involved in the tensile twinning dominated deformation during tension with the 23 increase of fatigue cycles. Subsequently, the amount of twinned grains is large enough after strain cycling, which yields that the detwinning process was not finished after the detwinning dominated deformation region and remained active in the rapid strain hardening region.
Therefore, with the increase of fatigue cycles, the deformation modes in the plastic deformation region during compression changed from detwinning -transition -dislocation dominated deformation in the first two fatigue cycles to detwinning -transition dominated deformation in the following cycles. 24 
Conclusions
The real-time in-situ neutron diffraction has been taken advantage in the current study to investigate deformation mechanisms of a rolled AZ31B Mg alloy during the fully-reversed strain-controlled low-cycle fatigue. The relationship between the macroscopic low-cycle fatigue behavior and microscopic response at the grain level has been successfully established. Major conclusions can be drawn based on the present research, as described below:
(1) With the increase of fatigue cycles, more grains are involved in the twinning and detwinning process.
(2) The residual twins appear in the early fatigue life, and are responsible for the macroscopic cyclic hardening behavior.
The early exhaustion of the detwinning process during compression is ascribed to the asymmetry of the stress-strain hysteresis loop.
The compressive residual strain developed in each selected fatigue cycle results in the increase of the CRSS and the postponement of the onset of the tensile twinning.
(5) Right before the sample fractured, the tensile twinning became less dominant and dislocation slips turn out to be active in tension, although the sample was not fully twinned. The stress concentration at weak locations caused by the increase of the dislocation density is thought to be the main reason for the fatigue failure.
The deformation history has significant impacts on the deformation modes during cyclic loading.
The experimental results from the current study improve the fundamental understanding of the deformation dynamics and mechanisms under cyclic loading, which could benefit 25 the development of theoretical modeling to describe the low-cycle fatigue behavior in HCP-structured polycrystalline materials 26 
Acknowledgement
The neutron work was carried out at the Spallation Neutron Source (SNS), Oak Ridge National The slopes of the (00.2) diffraction peak intensity vs. engineering stress curve in the 1 st and 70 th cycle are specified as black and purple dash-dot lines, respectively. The letters and numbers are adopted from Fig. 3(b) for the different work-hardening behaviors. 
